Sorafenib is an oral antiangiogenic agent that targets VEGFR-2/3 and platelet-derived growth factor receptor-b and an inhibitor of the Raf/MEK/ERK signaling pathway at the level of Raf kinase (Wilhelm et al, 2004) . The vascular endothelial growth factor receptor (VEGF) gene may be involved in biliary carcinomas (Benckert et al, 2003) , with demonstrated VEGF overexpression in 53.8% and 59.2% of intrahepatic and extrahepatic cholangiocarcinomas, respectively (Yoshikawa et al, 2008) . Activating BRAF gene mutations in the Raf/MEK/ERK pathway have been implicated in the development of biliary cancers and could represent a potential therapeutic target (Tannapfel et al, 2003) . Cholangiocarcinoma cells are reported to become more susceptible to apoptosis with Raf-1 inhibitor BAY 37-9751, which is a close structural analogue of sorafenib, by blocking Mcl-1, an antiapoptotic protein (Yoon et al, 2002) .
A current standard systemic therapy for advanced biliary adenocarcinomas is gemcitabine and cisplatin (Valle et al, 2010) . The ABC-01 randomised phase II study evaluated the combination of gemcitabine and cisplatin and gemcitabine alone in patients with advanced biliary cancers (Valle et al, 2009) . In an 'exploratory' comparison between the two arms, 6-month progression-free survival (PFS6) was 57.1% for the combination therapy vs 45.5% for single-agent gemcitabine. These results, in addition to an acceptable toxicity profile for the combination therapy, led to the expansion of the study into the ABC-02 trial, a randomised phase III study of 410 patients with advanced biliary tract cancers that demonstrated a median overall survival (OS) of 11.2 vs 7.7 months in favour of the gemcitabine plus cisplatin compared with gemcitabine monotherapy (Po0.001).
Given the preclinical evidence for potential clinical efficacy and the advent of gemcitabine plus cisplatin as a standard of care, a phase II study evaluating the combination of gemcitabine, cisplatin and sorafenib in patients with advanced biliary adenocarcinomas was undertaken.
MATERIALS AND METHODS
The study was a phase II, single-institution, non-randomised, open-label clinical trial in patients with advanced biliary adenocarcinomas. It was approved by the institutional review board at Memorial Sloan-Kettering Cancer Center. Written informed consent was obtained from each patient. The US National Cancer Institute ClinicalTrials.gov identifier is NCT00919061.
Eligibility criteria. Patients with histologically proven, nonresectable, recurrent or metastatic biliary adenocarcinoma including intrahepatic cholangiocarcinoma, extrahepatic cholangiocarcinoma and gallbladder adenocarcinoma with measurable disease by Response Evaluation Criteria in Solid Tumors (RECIST) 1.0 (Therasse et al, 2000) were eligible for enrolment. Patients with combined cholangiocarcinoma and hepatocellular carcinoma were also allowed in the study. No prior systemic therapy except for gemcitabine or 5-fluorouracil in the adjuvant setting, administered more than 6 months prior to enrolment, was permitted. Patients were required to have a Karnofsky performance status of X80% and adequate organ function, including a haemoglobin level of X8 g dl
, ANC X1.5 Â 10 3 ml À 1
, platelet count X100 Â 10 3 ml À 1 , serum creatinine p2 mg dl À 1 or calculated creatinine clearance X60 ml min À 1 , total bilirubin p2 mg dl À 1 , and ALT and AST p3 times the upper limit of normal (p5 times if liver metastases present). Patients with evidence of biliary obstruction were only allowed to join the study if total bilirubin level was expected to decrease to the required limit after adequate biliary drainage.
Treatment and dose modifications. Gemcitabine and cisplatin were administered as an intravenous infusion, weekly for 2 weeks, followed by a week off treatment for each 3-week cycle at starting doses of 1000 mg m À 2 and 25 mg m À 2 , respectively. A maximum of 3-week delay in treatment was allowed. During the conduct of the study, in view of excess haematologic and other toxicity as described in the Results section, the study was amended and the gemcitabine dose was reduced to 800 mg m À 2 and the cisplatin dose to 20 mg m À 2 at the same treatment schedule. Treatment was continued until disease progression (either clinical or radiologic evidence) or development of unacceptable toxicity.
Sorafenib was prescribed at the standard dose of 400 mg twice daily throughout the cycle. Dose delays or modifications were required due to drug-related toxicities. A maximum of 3-week delay in treatment was allowed. During the conduct of the study, in view of unanticipated toxicity described in the Results section, the study was amended and sorafenib dose was reduced to 400 mg daily at the same treatment schedule.
Safety and tolerability. All patients were assessed for toxicity per the NCI Common Toxicity Criteria, version 3. Tumour assessments. Restaging imaging studies were performed and levels of tumour markers CA 19-9 and CEA were obtained at baseline and subsequently after three cycles (every 9 weeks) of treatment. Treatment continued until there was evidence of disease progression, development of unacceptable toxicity or consent withdrawal. Thereafter, patients were continued to be followed up for survival. Tumour assessments were based on RECIST 1.0 guidelines.
Primary end point. The primary efficacy end point was the PFS6 rate. Progression-free survival (PFS) was calculated from study entry to documented disease progression or death from any cause, whichever occurred first. Patients who progressed at the 27-week planned scan, regardless of the actual calendar date of that scan, were declared as having progressed at 6 months. Patients who dropped out the study before 6 months due to toxicity without documented disease progression were counted as event for the primary end point. Patients who either withdrew consent prior to being treated or were unable to start treatment due to other complications were censored at 1 day after they consented on study.
Secondary end points. Median PFS, time to progression (TTP) and OS were determined. Time to progression was calculated from study entry to documented disease progression. Time to death was calculated from study entry to death or last follow-up. Diseasespecific outcome subset analyses were performed.
Correlative studies. Pretreatment tissues were evaluated for pERK expression using rabbit polyclonal antibody phospho-p44/42 MAPK (Thr202/Tyr204) (Cell Signaling Technology Inc., Danvers, MA, USA). Positive and negative controls were used to ensure the integrity of all tumour samples and reagents. Stained slides were evaluated independently by a pathologist (JS). Localisation of pERK staining to cell nuclei or cytoplasm was evaluated qualitatively. Nuclear pERK staining intensity was graded semiquantitatively using a five-point scale: 0, no staining; 1 þ , weak; 2 þ , moderate; 3 þ , strong and 4 þ , intense. pERK expression was correlated with clinical outcomes, including PFS, response rate, TTP and OS.
Statistical design. Based on the ABC-01 and ABC-02 studies, PFS6 for the combination of gemcitabine and cisplatin are 57.1% and 59.3%, respectively (Valle et al, 2009 (Valle et al, , 2010 . Using an exact single-stage binomial design with a desirable PFS6 of 77% and an undesirable PFS6 of 57%, the study called for enrolment of 39 patients to give a 90% power to detect the hypothesised improvement in the PFS6 rate for gemcitabine, cisplatin and sorafenib, with a type I error of 10%. The study regimen would be worthy of further investigation if 27 of the 39 patients were alive and progression free at 6 months. Progression-free survival, TTP and OS curves were estimated using the Kaplan-Meier methodology. The documented response rate and exact two-sided 95% confidence intervals (CIs) were calculated.
For correlative studies, PFS, TTP and OS were correlated with pERK staining using the univariate Cox regression model. Tumour response and pERK staining were correlated using Fisher's exact test. All P-values were based on two-tailed statistical analysis. Statistical analysis was performed using SAS (version 9.2, Cary, NC, USA).
RESULTS

Patient characteristics.
A total of 39 patients with advanced biliary tract carcinomas, with no prior systemic treatment, were enrolled in the study over a period of 16 months from 18 August 2009 to 28 December 2010. The analyses of the following results were performed on an intent-to-treat basis. Two patients were censored and were not evaluable for outcome: one patient withdrew consent from the study prior to being treated, and one patient was unable to start treatment due to complications from a small-bowel obstruction requiring surgical intervention. Among the enrolled patients, the median age was 65 years (range 31-83 years), with 20 patients (51%) being women. KPS ranged from 80 to 90%. Although the majority of patients (75%) were Caucasian, four (10%) patients were African-American and two (5%) patients were of Asian descent. In regard to the primary tumour site, 23 patients had intrahepatic cholangiocarcinoma (59%), with 2 patients (5%) had mixed intrahepatic cholangiocarcinoma plus hepatocellular carcinoma. Two patients (5%) had extrahepatic biliary tract carcinomas, and 14 patients (36%) had gallbladder adenocarcinoma. Notably, 38 patients (98%) had stage IV disease at time of study enrolment, whereas 1 patient had stage II disease. Toxicity and dose modifications. After enrolment of the first 16 patients, the study was amended due to poor tolerability of the combination treatment with starting doses of gemcitabine 1000 mg m À 2 , cisplatin 25 mg m À 2 and sorafenib 400 mg twice daily. The major adverse effects were grade 3 hand-foot syndrome in four (25%) patients and grade 3 or 4 haematologic toxicities. These included five patients (31%) with anaemia, five patients (31%) with grade 3 or 4 neutropenia and five (31%) patients with grade 3 or 4 thrombocytopenia. In addition, five patients were found to have a thrombotic or embolic event. After dose modifications, 21 newly enrolled patients were treated with gemcitabine 800 mg m À 2 , cisplatin 20 mg m À 2 and sorafenib 400 mg once daily using the same treatment schedule. Twentyone patients accrued subsequently received treatment at the modified starting doses.
The major adverse effects of the combination therapy throughout the study, including grade 3 and 4 toxicities noted in 410% of study patients, are listed in Table 1 . The most common of which were fatigue, elevated liver function tests and haematologic toxicities including thromboemboli, hyponatraemia and hypophosphataemia.
Patient disposition. Of the 37 evaluable patients, 20 patients were discontinued from the study because of disease progression. An additional 15 patients came off the study due to treatment-related toxicities. These included two patients with myocardial infarctions, three with nephrotoxicity, three with neuropathy, three with thrombocytopenia, one with hyperbilirubinaemia, one with syndrome of inappropriate antidiuretic hormone, one with hand-foot skin reaction and one with fatigue. One patient subsequently underwent surgery, and one patient passed away while on study due to his cancer. Four additional patients died within 30 days of discontinuation of therapy: three due to progression of disease and one due to respiratory failure secondary to systemic infection and pulmonary embolism. A total of 26 patients (67%) received second-line or third-line therapies after disease progression or intolerable toxicities. The most common regimen used was FOLFIRI and single agents capecitabine and irinotecan.
Clinical outcomes. Progression-free survival at 6 months was 51% (95% CI, range 34-66%) (Figure 1 ). The median PFS was 6.5 months (95% CI: 3.5-8.3 months). Sensitivity analysis for patients who came off the study due to toxicities was performed with the same PFS results. The median TTP was 8.2 months (95% CI: 6.5-12 months). The median OS was 14.4 months (95% CI: 11.6-19.2 months) (Figure 2 ). There were no complete tumour responses reported. In total, 6 patients came off the study prior to undergoing restaging scans, and there were 33 evaluable patients for best response outcome: 4 patients (12%, 95% CI: 3-28%) had partial responses; 25 patients (76%, 95% CI: 58-88%) had stable disease, with median time in stable disease of 8.3 months (range 2.1-27.9 months); and 4 patients (12%, 95% CI: 3-28%) had disease progression.
Disease-specific subset analyses were limited to gallbladder cancer and intrahepatic cholangiocarcinoma, in view of the very limited number of cases with extrahepatic cholangiocarcinoma and intrahepatic cholangiocarcinoma plus hepatocellular carcinoma. There was no association between OS and disease type (gallbladder cancer vs intrahepatic cholangiocarcinoma). P-value from the log-rank test was 0.71. There was also no association between PFS and disease type: P-value from the log-rank test was 0.22. Based on PFS sensitivity analysis, for patients came off the study because of toxicity, there was also no association between PFS and disease type: P-value from the log-rank test was 0.20. There was, however, a significant association between TTP and disease type. Specifically, median TTP for patients diagnosed with gallbladder disease was 5 months (95% CI: 2.3-8.9 months) compared with 10.4 months (95% CI: 6.4-14.5 months) for those who were diagnosed with intrahepatic bile duct cancer (P-value from the log-rank test was 0.013). pERK expression. Thirty-one patients had tumour tissue available for pERK staining. In the majority of tumour samples, pERK staining was most intense within the nucleus of tumour cells. There was no expression noted in 10% of the cases, 1 þ (weak staining) in 16% of samples, 2 þ (moderate staining) in 29% of samples and 3 þ (strong staining) in 45% of samples. There was no correlation between pERK staining intensity and the clinical outcomes measured. Patients with tumour cells expressing higher pERK staining intensity had no improvement in their PFS, TTP or OS.
DISCUSSION
The addition of sorafenib to gemcitabine and cisplatin combination therapy failed to show an improvement in PFS6 when compared with historical control data. The favourable median OS of 14.4 months is probably a consequence of a single institutional experience and relatively median KPS of 80% and age of 65 years. Of note, 72% went on to receive a second-line therapy (N ¼ 28, 72%). The latter observation may also be explained by the better selection of patients in the single-institution study compared with the ABC-02 phase III randomised study (Valle et al, 2010) .
The combination therapy was administered at the standard starting doses based on the safety data from previous phase I studies of gemcitabine plus sorafenib and platinum plus sorafenib combination therapies (Kupsch et al, 2005; Siu et al, 2006) . However, common practice suggests difficulty in maintaining these doses of cisplatin and gemcitabine for very long. Given the poor tolerability to the triple combination therapy at the standard starting doses, this study ultimately required dose reduction of all three agents after enrolment of 16 patients. This is a limitation of the reported herein study where a formal phase I study to evaluate the safety and tolerability of the gemcitabine, cisplatin and sorafenib combination would have been very valuable.
An unplanned analysis of patients with full vs reduced dose of the combination therapy showed no differences in the clinical outcomes measured attributable to dosing differences. The median duration of treatment was 24 weeks (eight cycles), which is comparable to the 21 weeks in the gemcitabine plus cisplatin arm in the ABC-02 study (Valle et al, 2010) .
Notwithstanding the role of the Raf/MEK/ERK pathway in biliary tract cancers, there was no correlation between pretreatment tumour cell pERK expression levels and outcome.
Comparison of pERK expression in sequential pretreatment and post-treatment biopsies in patients on therapy may provide important information on the tumour response to treatment. A study evaluating sorafenib at the full dose of 400 mg orally twice daily as a single agent in the first-line setting in patients with advanced biliary adenocarcinomas was ongoing at the time of the reported herein trial and was recently published (El-Khoueiry et al, 2012) . There were no confirmed responses. Two patients (6%) achieved partial responses of short-lived duration. Ten (32%) patients had stable disease, with a median TTP of 4.4 months (95% CI: 3-7 months). The most common grade 3 and 4 toxicities were hand-foot skin reaction (13%), hyperbilirubinaemia (13%), venous thromboembolism (10%) and elevated liver function tests (10%). The study was terminated early. Recently and after initiation of the current study, sorafenib was identified to be an ineffective B-Raf inhibitor. In a phase II trial evaluating sorafenib in melanoma patients, BRAF (V600E) mutational status of the tumour was not associated with clinical activity and no significant effect of sorafenib on cyclin D1 or Ki67 was seen (Ott et al, 2010) .
This study, like most biliary studies, included biliary adenocarcinomas of all subtypes regardless of the known differences in the pathology and molecular biology of the differing tumour subtypes. This point continues to be a subject of debate, especially in light of recent studies that show the variable expression of genes involved in cell cycle control and EGFR expression among biliary cancers from different sites of origin (Jarnagin et al, 2006; Yoshikawa et al, 2008) . In addition, some studies suggest that response rates to cytotoxic therapies may be different, with higher response rates seen in patients with gallbladder carcinoma and extrahepatic cholangiocarcinomas than in patients with intrahepatic cholangiocarcinomas (Harder et al, 2006; Nehls et al, 2008) . In this study, we noted a significant difference in TTP between gallbladder cancer and intrahepatic cholangiocarcinoma; however, this significant difference was not apparent when comparing PFS and OS. Although these findings support the need to differentiate and stratify patients with advanced biliary tract cancers by the sites of origin, they add the need to understand not only the molecular aspects of the different subtypes of biliary adenocarcinomas but other confounding variables, that is, clinical complications that may have effaced the difference noted in TTP when comparing PFS and OS, in the example herein.
In summary, the addition of sorafenib to gemcitabine and cisplatin in advanced biliary tract cancers failed to show any improvement in outcome and proved to have significant toxicity at standard cytotoxic dosing. The combination of gemcitabine, 
